Comparative thermal analysis in the presence of oxygen was carried out for samples of native pine wood and wood samples modified with aminophenylborates. Significant decrease in the amount of heat released during thermal decomposition of the modified samples was established, which is due to the increase of carbonaceous residues on the surface. Reduction of heat release during decomposition of the modified samples may be explained by the lower yield of combustible volatile products as well as by thin film of boron oxide, formed on the surface of the modified wood, that partially reflects heat flow. Produced upon the modifier decomposition water vapor and inert nitrogen oxides dilute gaseous mixture near the wood surface and isolate it from oxygen. This enhances fire-resistance of wood modified with mono-and diethanolamine(N→B)phenylborates. Hydroxyl group at the sixth carbon atom of the glucopyranose ring of cellulose participates in reactions of cellulose modification, which prevents formation of flammable levoglucosan and, consequently, improves the fire-resistance of the modified wood.
Introduction
It has been shown in the previous studies that treatment of the wood surface with protective compositions based on aminophenylborates and water [1] ensures wood fire-retardant efficiency of group II (GOST R 53295-2009 ) [2] . High activity level of such modifiers should be noted -no more than 10% concentration of the modifiers provide the same protection level as 50% concentrations of aminoborate-based modifiers. There is obviously an effect of phenyl radical, present in the modifier composition, on fire-retardant efficiency of the modifier. It has earlier been found [3, 4] that polymers with a high content of phenyl groups are nonflammable.
Wood modification was performed by soaking pine saw dust in aqueous solutions of mono-and diethanolamine(N→B)phenylborates: 10% solution of monoethanolamine-(N→B)phenylborate (composition 1), 5% solution of monoethanolamine-(N→B)phenylborate (composition 2) and 5% solution of diethanolamine-(N→B)phenylborate (composition 3), under constant stirring for three hours, followed by drying out to constant weight in the air. Thermal analysis was carried out after prolonged extraction with water and drying out. To analyze the process of thermal oxidative degradation of the modified wood, differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) were carried out using SDT Q600 thermal analyzer in dynamic mode of heating in the air (flow rate of 100 ml/min) with a heating rate of 5, 10 and 15°C/min. Thermal analyzer measures heat flow and weight changes accompanying energy transitions and reactions taking place in materials.
Results and discussion
Simultaneous calorimetry and thermogravimetric analysis of the same sample on the same device provides enhanced analysis productivity and allows to reduce experimental error. Plotting and processing of thermoanalytical curves were performed using TA Universal Analysis 2000 software. Temperature ranges of wood degradation, weight loss within temperature ranges defined (%), and heat flow maxima (W/g) were found based on the obtained thermoanalytical curves.
Three temperature ranges were defined for thermal degradation of wood in the air (table 1, figures 1-4). Evaporation of surface-adsorbed and capillary condensed water occurs in the first temperature interval (30-150°С) [5] . Weight loss of pine wood samples is insignificant, approximately 4 -7% (table 1) . At this stage, chemical structure of wood remains practically unaffected and volatile products are not produced. Upon wood modification with mono-and diethanolamine(N→B)phenylborates, the wood surface polarity grows, leading to formation of hydrogen bonds between polar amino and hydroxyl groups of the modifiers and water molecules and, consequently, stronger retention of water molecules on the surface of wood. In the first temperature interval at heating rates of 10 and 15°С/min, lower weight loss values are characteristic to the wood samples modified with composition 3 as compared to the unmodified wood. This trend is also observed for the samples modified with composition 1 at 10°C/min heating rate (figures 1-4, table 1). This may be explained by higher energy costs required for breaking of hydrogen bonds [6] .
However, weight loss of all modified samples at 5°С/min heating rate and weight loss of wood samples modified with composition 2 at all three heating rates exceed weight loss of native wood samples (figures 1-4, table 1). In this case, presumably, part of energy is expended on wood polysaccharides dehydration, and protolytic -OH-groups on the surface of the modified wood catalyze this process.
In the second temperature range (150-430°С), wood thermal degradation accompanied by formation of low molecular weight products and carbonaceous residues takes place. Reactions proceeding upon heating of wood to 270-280°С are endothermic and require energy. Upon further heating, endothermic process proceeds to exothermic process [7] characterized by reactions of thermal degradation of wood polymers, large amount of heat released, formation of liquid and gaseous decomposition products (carbon oxides, other non-condensable gases, acetic acid, methanol, tars). Charcoal is formed as a remainder of wood thermal degradation [8] . The second temperature range accounts for weight loss of approximately 70-73% for the unmodified wood samples. Heating rate increase causes increase of the weight loss value for the unmodified wood samples and the wood samples modified with composition 3 (table 1) . Noteworthy, weight loss in this temperature range is notably reduced for wood samples modified with solutions of mono-and diethanolamine(N→B)phenylborates 
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4006 compared to the unmodified sample: 5-7% for the samples modified with composition 3, 7-10 % for the samples modified with composition 2, and 10-13% for the samples modified with composition 1 (table 1) . Modification with solutions of mono-and diethanolamine(N→B)phenylborates changes the scenario of wood thermal decomposition. For the modified samples, heat release temperature maxima of DSC curves corresponding to exothermic reactions of thermal degradation of wood polymers and to production of low molecular weight compounds are shifted to higher temperatures area. This impedes the degradation process at the main stage of wood thermal decomposition and enhances fireresistance of wood (figures 1-4) [9] . Wood modification with solutions of mono-and diethanolamine(N→B)phenylborates also leads to 1.5-2-fold decrease of heat released at the main stage of thermal oxidative degradation of wood (table 1, figures 1-4) . The lowest heat flow maximum is observed upon wood modification with composition 1 at the highest concentration of the modifier (figure 2). Reduced heat release during decomposition of the modified samples may be explained by the lower yield of combustible volatile products [10] as well as by thin film of boron oxide, formed on the surface of the modified wood, that partially reflects heat flow [11] . Formed upon a modifier decomposition water vapor and inert nitrogen oxides dilute gas mixture near the wood surface and isolate it from oxygen [11] . During thermal depolymerization of cellulose, flammable levoglucosan (1,6-anhydro-β-D-glucopyranose) is formed as an intermediate product, at a yield of about 10-13% [8] . Hydroxyl group at the sixth carbon atom of the cellulose glucopyranose ring participates in modification reactions of cellulose, which prevents the formation of levoglucosan and, consequently, enhances fire-resistance of the modified wood [8] .
Oxidation of carbonaceous residues takes place in the third temperature range (380-700°С). Modification of wood samples with compositions containing mono-and diethanolamine(N→B)phenylborates leads to significant changes of DSC curve. In contrast to the unmodified samples, heat flow gradually declines with temperature increase during transition from exothermic processes of thermal degradation of wood polymers to oxidation of carbonaceous residues (figures 1-4). Small peak is observed in the DSC curve for the samples modified with composition 3, at that amount of heat is reduced almost 3 folds at a heating rate of 15°C/min and 9 folds at a heating rate of 5°C/min. It should be noted that heat flow increases when heating rate increases both for the control and for the modified samples (table 1) . Moreover at this stage, heat release maxima for the samples modified with composition 3 are shifted to higher temperatures as compared to the native wood sample. In this case, shift of heat release maxima is 10, 40 and 30°С at heating rates of 5, 10 and 15°C/min, respectively (figures 1, 4). This points to higher thermal stability of carbonaceous residues resulting from thermal degradation of the modified wood. Greater decrease of heat effect of the process in the third temperature range is characteristic to the samples modified with compositions 2 and 3 (figures 2 and 3), there are no peaks in DSC curves in the range of carbonaceous residues oxidation.
Conclusion
Significant heat reduction is due to increase of carbonaceous residues on the surface of the modified samples, which provides thermal insulation and partially reflects heat flow as well as prevents the formation of volatile wood combustion products. It enhances fireresistance of wood modified with mono-and diethanolamine(N→B)phenylborates. 
